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Introduction
Zirconia thin films have been extensively investigated due to their numerous applications and superior properties: low thermal conductivity, high dielectric constant, high optical refractive index, chemical durability, mechanical strength and fracture toughness [1] . One of the most important applications for zirconia thin films is as a thermal barrier coating (TBC) for components working at high temperatures. Typically, a thin layer (∼200-300 µm) of yttria-stabilized tetragonal zirconia (YSZ) is applied to the blades of high-pressure turbines of land-based power generators. The thickness varies with position on the blade surface. The low thermal conductivity of the layer allows coated components to operate at higher temperatures than the underlying parent metal can withstand. Therefore it is crucial for the layers to remain attached to the components and to be tolerant to the residual stresses and thermal cycling encountered during service [2] and [3] . These thermal barrier coatings (TBCs) comprise a multi-layer consisting of a top layer of YSZ, a metallic bond coat (BC) that provides bonding between the metallic substrate and YSZ and finally a thermally grown oxide (TGO) layer that forms between the TBC and BC during thermal exposure [4] . The growth of this oxide [3] and the sintering [5] of the YSZ layer during thermal ageing are the main sources of residual stresses in the TGO and YSZ and lead to the eventual failure of the coating system. The extensive use of the YSZ layer as a TBC has given rise to much research focused on how the degradation of this coating system depends upon different application methods [6] , the microstructure of the coatings [7] and [8] , and the residual stress distributions in the YSZ and TGO layers [9] , [10] and [11] . Among the non-destructive approaches to material investigation, Raman and photostimulated luminescence piezeo-spectroscopy (PLPS) are the techniques favoured for the measurement of stresses in YSZ and TGO respectively. The peaks in the Raman spectra associated with the YSZ shift as a function of local strain. These peak shifts can be calibrated so that Raman spectra can be used to calculate the stress in the coating [12] , [13] and [14] . However, zirconia-based ceramic coatings are translucent because the optical band gap for these materials is ∼12 eV, which is well above the energy of the argon-ion and He-Ne lasers (λ = 514 nm and λ = 632.8 nm) and the characteristic ruby-fluorescence doublet of a-Al2O3 at 694.3 nm and 693 nm [15] . Unfortunately, the complex microstructure of the applied translucent material reduces the resolution of the measurements dramatically due to dispersion [16] . The assumption generally made for stress measurements on air plasma sprayed APS-YSZ is that the Raman signal acquired is limited to the near surface but without specifying the range of depth [17] . Recent experimental studies have shown that the sampling depth can reach 20-50 µm even in dense YSZ [18] . As sampling depth increases the resolution decreases due to beam dispersion. This dispersion is a consequence of internal boundaries, pores and other imperfections within both APS-YSZ and electron beam physical vapour deposited EBPVD-YSZ. The sampling depth for Raman spectroscopy depends upon the specific microstructure and optical properties of the material. Higher-resolution measurements can be expected for more opaque materials such as silicon [19] and [20] or when using ultraviolet laser radiation [20] . Even though the depth resolution can be improved by the use of a confocal Raman system combined with oil-immersed objective lenses [21] and [22] , the depth resolution in translucent materials can be reduced significantly due to refraction [23] and spherical aberration [24] of the light in the part of the laser beam path within the out-offocus area [25] .
The lateral spreading of the laser beam is directly related to the spatial resolution for measurements. In bulk material, the size of the cone-like excitation volume depends on the numerical aperture of the objective lens and the difference in refractive index between the material in which the objective is immersed and the material being investigated [18] , [23] and [26] . For materials with porous microstructures, such as thermally sprayed YSZ, the lateral resolution can be further reduced by the scattering of the laser beam by pores and unmelted particles [27] and by ray guiding [28] when the incident beam strikes the internal splat boundaries at an angle greater than the critical refraction angle [29] . This dispersion of the beam has to be established experimentally because there are too many unquantified variables within the overall microstructure [30] (Fig. 1a and b) to allow realistic, quantitative theoretical calculations to be made.
Fig. 1.
Secondary electron images of the microstructure of (a) APS-YSZ and (b) EBPVD-YSZ.
Since the TGO develops at the interface between the BC and the TBC, it is buried below the coating layer. The TGO layer is mainly α-Al2O3 doped with chromium ions (Cr
3+
) which produce the characteristic luminescence R1 and R2 lines (λ = 693 and 694.3 nm) when stimulated with the laser light used for PLPS [31] . The positions of these lines change with stress and have been calibrated on a ruby standard by Clarke et al. [10] and [32] allowing PLPS to be used for the measurement of stress in various alumina-containing materials [33] and [34] . As a consequence, when undertaking PLPS measurements of stresses within the TGO, lateral spreading of the incident laser beam within the TBC will affect the measurement resolution, which is defined by the diameter of the laser at the TGO surface [35] . This resolution is important, for example, for defining the step size when mapping stress in the TGO through the YSZ layer to avoid overlap of the measurements and thereby provide more reliable stress information [36] , [37] and [38] . In this paper, the laser beam spreading and the sampling depth of Raman spectroscopy within the YSZ is investigated. For practical purposes, two types of YSZ coatings that are widely used in industry were selected.
Experimental
Two YSZ (7 wt.% yttria-stabilized tetragonal zirconia) commercial TBC materials have been considered: (i) APS and (ii) EBPVD. The APS-YSZ forms a coating consisting of micro-scale multilayers of overlapping thin lenticular particles, or splats (Fig. 1a) , whereas the EBPVD-YSZ possesses a columnar microstructure (Fig. 1b) , which has higher lateral strain tolerance and higher thermal conductivity [27] . Raman spectroscopic measurements were made using a Renishaw Ramascope model 2000 spectrometer, fitted with both Ar and He-Ne laser sources operating at wavelengths of 514 nm (30 mW) and 632.8 nm (25 mW) respectively. Both Raman spectroscopy and PLPS measurements can be made using this system. A long working distance (LWD) Olympus lens with a 50 × magnification and a numerical aperture of 0.55 was used. The BC of the two types of specimens, APS-YSZ and EBPVD-YSZ, are both ∼50 µm thick flat NiCoCrAlY (Fig. 1) . Tapered wedge specimens (see Fig. 1a ) were cut using UV laser ablation from both the as-sprayed APS-YSZ samples (with thickness varying from 8 to 200 µm) and the as-deposited EBPVD-YSZ sample (with thickness varying from 60 to 120 µm). In addition, two thin discs were prepared from the EBPVD material with thicknesses of ∼5 and ∼19 µm and both ∼100 µm in diameter (see Fig. 1b ). The incident laser beams used were focused to a 1.5 µm beam diameter. An adjustable digital microscopy camera with a pixel resolution of 1280 × 960 (1.3 million pixels) was positioned below the specimen to monitor the dispersed laser beam (Fig. 2a) . The images were transferred to Mica software and analysed using intensity line-scanning. A typical laser intensity profile is shown in Fig. 2b , where the beam diameter is defined by the full width at half maximum (FWHM). In addition, one of the as-sprayed APS-YSZ samples was heat treated at 925 °C for 100 h in air to allow the Al to diffuse from the NiCoCrAlY-BC, forming a dense TGO layer of α-alumina between the YSZ and the NiCoCrAlY-BC. Again, a tapered wedge of this sample was prepared using UV laser ablation with a thickness which varied from 10 to 250 µm. The signal of YSZ and the underlying alumina were collected from the top surface of the YSZ layer as before. To investigate the depth of the Raman signal collected, line scans were made across the wedged samples and the intensity of the Raman spectra for the YSZ and the TGO layer measured at regular intervals.
Modelling
To better understand and visualize the behaviour of light propagation though the APS-YSZ and EBPVD-YSZ materials, optical ray-tracing models were created based upon simplified microstructures. A ray-tracing software package (ZEMAX, ZEMAX Corporation) was used to simulate illumination of the samples with a 632.8 nm wavelength laser. For all raytracing experiments ZEMAX was operated in the "non-sequential" mode, which performs a Monte Carlo simulation in which each ray is not limited to forward progression through the optical system and can pass in any direction. In each simulation, 10 5 rays were traced, and the results were measured from a plane at the bottom of the YSZ. The laser illumination system was simulated using a monochromatic, λ = 632.8 nm, a Gaussian source and a numerical aperture 0.55, with a 1.5 µm diameter incident beam spot diameter (FWHM) at the sample surface. YSZ was simulated using a material of refractive index 2.
Results
The experimental results are addressed in Since there is scatter in the measured diameters and all data lie within these bands, it is appropriate to consider a single fit to all the data. The resulting curve ( Fig. 3) , has aR 2 value of 0.97, where D0 = 182.73 µm, a = −181.23, b = 76.22.
Fig. 3.
The variation of red (λ = 632.8 nm) and green laser (λ = 514 nm) beam diameters with APS-YSZ thickness.
As the laser beam is increasingly dispersed, the intensity, I, decays. Fig. 3 shows that this follows an exponential decay with increasing APS-YSZ thickness, t (µm), given by:
where I0 is the initial intensity, A and B are constants, and t is the thickness of the APS-YSZ. In this specific type of APS-YSZ, I0 = 22.97, A = 64.94, B = 104.83, the index R 2 = 0.94 confirms high confidence in the fitted curve to these data. Fig. 4 shows the variation in laser beam diameter with thickness, t (µm), for the two EBPVD-YSZ wedges. Measurements using red and green lasers were made at three points for each TBC thickness. Both of these data sets, as well as values determined from the ∼5 and ∼19 µm thick discs are consistent, which indicates an adequate repeatability of this experimental approach regardless of variations in microstructure. Both the scattered diameters for green and red lasers, D (µm), increase exponentially with the thickness, t (µm), and reach ∼80 µm at a thickness of 120 µm, following Eq. (1) 
Fig. 4.
The variation of red (λ = 632.8 nm) and green laser (λ = 514 nm) beam diameters with EBPVD-YSZ thickness.
Sampling depth
The schematic diagram shown in Fig. 5a summarizes the basis of the experiment undertaken to evaluate the depth of material sampled by the incident laser beam during Raman spectroscopy. The APS-YSZ wedge sample has a thickness of ∼10 µm at one end and ∼250 µm at the other, with a uniform layer of α-alumina below. Raman spectra were collected at each thickness as the laser beam was moved along the APS-YSZ wedge in the direction of increasing thickness (positions 1-4 in Fig. 5a ). In Fig. 5b , three spectra of the YSZ and α-alumina collected at thicknesses of 50, 100 and 180 µm covering both the Raman and PLPS measurement range are vertically displaced to show the significant drop in intensity for the α-alumina peaks (5023 and 5053 cm −1 ) with the increasing thickness of the YSZ layer. There are six peaks for the Raman spectrum of YSZ. Each spectrum was fitted using mixed Gaussian and Lorentzian equations [39] . The peaks centred at 608 and 640 cm −1 were chosen for investigation because of their large signal-to-noise ratio, and the intensity recorded at each YSZ thickness. As shown in Fig. 5c , the Raman peak intensities of 608 and 640 cm −1 both increase exponentially as the thickness of the YSZ coating increases until this reaches about 40 ± 2 µm. The intensity then remains relatively stable up to the limit of the measurements. This is consistent when moving progressively from position 1 to positions 2-4 in Fig. 5b and defines the depth from which a signal can be collected.
In addition, the PLPS signal from the underlying α-alumina was collected (Fig. 5b) , and plotted against the thickness of the overlaying APS-YSZ coating (Fig. 5d) . The signal from the alumina decays exponentially to zero at a YSZ thickness of ∼250 µm. This is consistent with values reported in the literature between 175 µm [35] , [40] and [41] and 300 µm [42] . This variation of laser penetration depth in the YSZ layer depends on the microstructure, specifically the distribution and size of scattering sites such as grain boundaries, splat boundaries, cracks and pores in the translucent oxide. The decay of the alumina R2 peak (5023 cm −1 ) follows Eq. (2) The size of the laser beam diameter at the base of featureless YSZ is 49 µm (FWHM).
The microstructure of APS-YSZ consists of lamellar splats elongated parallel to the substrate (Fig. 1b) , and low-refractive index inter-splat boundaries considered to contain air are perpendicular to the incident laser beam (Fig. 7a) . Only the large boundaries were considered (Fig. 1a) such that there are approximately five block of splats, each ∼50 µm thick and ∼80 µm long. The splats were modelled as a material with a refractive index of 2, separated by rectangular air gaps of 50-150 nm. An overview of the ZEMAX computer simulation is shown in Fig. 7b . Fig. 7c and d show the dispersed laser beam diameter and intensity profile results for APS-YSZ, respectively. The beam diameter at the base of the sample is 51 µm (FWHM). Despite significant refraction occurring between the interface at the block boundaries in the APS-YSZ, and hence a large angular deflection (Fig. 7b) , the relatively small thickness of the blocks results in very little positional deflection of the laser beam. Thus the change in beam diameter due to the presence of the low refractive index regions in the APS-YSZ is negligible when compared with bulk zirconia. FWHM is 50 µm.
The microstructure of the EBPVD-YSZ (Fig. 1b) , is approximated by two distinct layers. The top layer (100 µm thick) is an array of trapezoidal columns each separated from its neighbours by a tapered air gap which has a maximum thickness of ∼500 nm at the positions of the column tips as shown in Fig. 8a . A layer at the base is ∼50 µm thick and consists of columns with an average width of 4 µm separated by an air gap of ∼50 nm (Fig.   8b ). This simulated structure is shown in Fig. 9a , with the air gaps exaggerated, and in Fig.  9b illuminated by the incident laser beam. An image of intensity distribution produced at the base of EBPVD-YSZ layer is shown in Fig. 9c , and a cross-section in Fig. 9d . The beam diameter is 12 µm (FWHM). Zirconia has a high refractive index (∼2 for λ = 632.8 nm) compared to the air gaps, and thus the critical angle is low at the interface between the edges of the columns and the air gaps in the EBPVD-YSZ. The low critical angle causes total internal reflection of a large number of rays inside each column, and as a consequence the columns become very effective waveguides for the incident laser beam (Fig. 9b) . With each column functioning as a waveguide, the dispersion of the laser radiation is substantially confined to one of the outer large columns, even when the source is placed extremely close to an air gap (Fig.  9c) . This results in the very small diameter of the dispersed beam when compared to the APS-YSZ or the control.
Discussion
The experimental measurements made for the two commercial TBC materials point to the importance in understanding how the laser beam behaves within the TBC layer when making measurements of stresses, either within this layer or for the embedded TGO that forms at the TBC/BC interface. We will now consider the experimental measurements associated with beam dispersion with respect to several specific factors and also, where appropriate, the predictions for the ray-tracing computer modelling.
Laser beam dispersion
In the case of experimental tests, the diameter of the laser beam that travels through the EBPVD-and APS-YSZ remained essentially constant after a certain thickness. For the EBPVD-YSZ, this may be because at the thin end of the wedge the microstructure comprises smaller, more densely packed columns (Fig. 8a) . Therefore, when the thickness increases the laser diameter increases correspondingly, similar to the exponential trend in dense bulk YSZ. However, when the thickness of the wedge reaches more than 50 µm, the columns with a larger diameter and wider air gaps increasingly contribute to the dispersion of the laser beam. They are the first to disperse the laser beam followed by the denser array of smaller columns at the bottom of the wedge. At this stage, there is a decrease in the increasing rate of the laser beam diameter (Fig. 4) . When the thickness reaches ∼100 µm, even larger columns come into play (Fig. 8b) , which impart little additional dispersion to the laser beam and thus have little effect on its eventual diameter. This is also verified by the modelling (Fig. 9b) which indicates that the change in the dispersion distance along the large columns does not affect the laser beam diameter much but just guides the laser down the columns by internal refraction.
Comparison of experimental and modelling data
The EBPVD-YSZ computer modelling predicts the intensity distribution at the base of the sample as a square array of four higher-intensity regions related to the four small columns sampled. The square shape in the intensity is due to the simplified square-shaped columns assumed in the model. In practice for the EBPVD-YSZ, the cross-section of each column has an arbitrary shape with air gaps between (see Fig. 8a and b) . The square shape introduced by the model, however, verifies that the dispersion of the laser beam is dominated by the guiding provided by the columns when each ray strikes the sides with an angle smaller than the critical angle. This effect explains why the laser beam dispersion is so much smaller in the EBPVD-YSZ compared to the APS-YSZ. The APS-YSZ contains randomly distributed pores, intra-and inter-splat defects or boundaries, and foreign dispersion sources such as unmelted zirconia particles and varying yttria concentrations. The model simplifies this complex picture by seeking to consider extracting the most significant lamellar feature of the microstructure. Neglecting the other features such as porosity reduces the degree of dispersion in the model compared with experimental measurements.
The main purpose of the modelling is to help understand the two different dispersion routes within these two different YSZ layers. The channelling of the laser beam within the columns of the EBPVD-YSZ explains why in the case of the experimental measurements the beam is dispersed less in the EBPVD-YSZ than in the APS-YSZ. Therefore, for the same thickness of YSZ layer, the sampling area of the TGO under such an EBPVD-YSZ is smaller than that for an APS-YSZ layer. The model could be improved but it is sufficiently instructive to account for the different responses of the two YSZ materials considered.
The absorption coefficient of YSZ
Two intensity variations with thickness of the YSZ have been measured: the decay of laser beam intensity through the YSZ layer (both APS and EBPVD), and the decrease in the transmission of the PLPS signal from the alumina layer below the YSZ layer back to the objective lens. The decay trend follow the general form of the Beer-Lambert Law [43] . However, in Eq. (2) the intensities detected in the tested material do not reduce to zero. The optical absorption coefficients (1/B) in Eq. (2) gave ∼0.010 µm −1 (514 and 632.8 nm)
for APS-YSZ and ∼0.012 µm −1 (514 and 632.8 nm) for EBPVD-YSZ, which are of a similar magnitude to those previously determined for dense YSZ (0.05-0.19 µm −1 ) [18] and [43] . In particular, Eldridge et al. [44] and [45] have determined experimentally the scattering and absorption coefficients of freestanding 8 wt.% APS-YSZ (11% porosity) using normalincidence directional-hemispherical reflectance and transmittance spectra over the range of 250 nm up to 15 µm (data for the range 0.8-15 µm can be found in Refs. [44] and [45] ; the range between 250 and 1000 nm is provided by Eldridge and presented in Fig. 10 ).
In Fig. 10 , by extracting the values of transmittance for TBCs with different thickness at 514 and 633 nm, an exponential decay can be fitted and the absorption coefficient (1/B) is determined to be ∼0.01 µm −1 for a 514 nm radiation source and 0.007 µm −1 for 633 nm.
These data are consistent with the values (∼0.010 µm −1 for 514 and 632.8 nm in APS-YSZ) calculated in this contribution regardless of the potential variations in porosity and microstructure between the two TBCs. Nevertheless, a small reduction in absorption coefficient with the increase in the wavelength of the incident radiation was detected in Fig. 10 , which is not present in our data (see Fig. 3 and Fig. 4) . The absorption coefficient of the APS-YSZ samples tested in this paper is smaller than that given by Presser et al. [18] because the sample adopted allows the collection of signals through a thickness of ∼250 µm rather than being limited to 40 µm. The difference can be accounted for by the complex microstructure of the two YSZ coatings used in this study which has the potential to reduce the absorption coefficient. The total absorption is proportional to the cross-section of light absorption by a single particle and the density (number per unit volume) of absorbing particles [46] . The smaller value obtained in this set of experiments may indicate that the existence of the pores (15-20% in APS-YSZ [47] and [48] ), defects, etc., reduces the density of the equivalent absorptive material.
Fig. 10.
Hemispherical transmittance of freestanding APS-8YSZ measured at room temperature of 23 °C (unreported short-wavelength range room-temperature data from Ref. [45] , replotted and presented with the permission from Dr. J.I. Eldridge, NASA Glenn Research Center, USA).
However, for the intensity decay of the alumina PLPS signal, the situation is more complicated. First, the laser light follows a path through the YSZ to reach the TGO and then the emitted fluorescent light has to travel back through the YSZ to reach the detector. This double path length may be responsible for the variation in the absorption coefficient calculated in this case: 0.02 µm −1 for the R1 peak and 0.021 µm −1 for the R2 peak. It is noteworthy that although the two microstructures (APS-YSZ and EBPVD-YSZ) differ in their degree of lateral beam dispersion, there is little difference in their PLPS absorption coefficients.
Sampling depth of the Raman spectra in APS-YSZ
A commonly encountered method for measuring the sampling depth of a Raman signal in a material is to create a double-layer system by applying the target material, for example, a wedge of YSZ, on top of a highly Raman active acryl varnish coating [18] . The intensity decay in the Raman spectra of the acryl varnish is then monitored as a function of thickness. The depth at which the intensity of the Raman spectra emitted from the acryl varnish decreases to zero is defined as the sampling depth. Certainly using this method the laser beam can detect from as deep as 20-50 µm [18] , but it does not necessarily follow that the Raman signal excited within the wedge material, YSZ, is from that depth. As demonstrated in this contribution, the laser beam can pass through a thickness of 250 µm of APS-YSZ to excite a Raman signal from the alumina (TGO) but the intensity within the APS-YSZ is limited to a depth of only ∼40 µm. Hence the controlling factors are how
Raman active the underlying material is and how easy it is for the signal to reach the detector. Therefore, a more reliable way to carry out the commonly used approach is to apply the target material (e.g. YSZ) onto a layer of material with similar Raman activity. Then monitoring the decay of the intensity of the underlying material will provide the sampling depth with higher confidence.
Technological importance of the sampling volume
For the application of Raman spectroscopy to thermally sprayed YSZ layers, the illuminated volume below the focus of the incident laser beam is cone shaped [46] . The Raman signal collected from the surface extends to about one-fifth of the YSZ layer thickness. The evaluated surface stress derived from a Raman spectra shift is obtained from the volume over which the stress is averaged. Although most of the Raman scattering and the collected signal is from the focus or near-focus region of the incident laser beam, scattering within the out-of-focus region will still contribute to the intensity. There is a gradient of the effective signal across the point of focus on the surface to a depth of ∼40 µm as proposed by Presser et al. [18] and 90% of the signal comes from half of the sampled depth. A reliable measure of beam spreading within the TBC is a prerequisite for mapping of stresses. Two types of non-destructive mapping of residual stresses are often required in TBCs [36] , [49] and [50] : mapping of residual stress in the top layer of YSZ and in the underlying TGO. The sampling volume determined in this contribution suggests that for the mapping of the residual stress in APS-YSZ a step interval of ∼35 µm should be considered in order to avoid beam overlap and thereby misinterpretation of the evaluated stresses. For stress mapping in the TGO the steps ought to be set as ⩾160 µm for APS-YSZ and ⩾80 µm for EBPVD-YSZ. It is important to make specific measurements of beam dispersion for the specific YSZ coating being addressed. For other application of Raman spectroscopy, such as the phase detection in materials, the sampling volume is crucial for determining the location and distribution of the detected phases [22] and [23] . 6 . Conclusions
• The laser diameter increases significantly to 160 µm after dispersion through APS-YSZ with a thickness of 180 µm, compared with ∼80 µm for a 120 µm thick layer of EBPVD-YSZ. These results show that the values of 20 µm for APS-YSZ and 100 µm for EBPVD-YSZ previously reported are over-optimistic [51] , [52] and [53] for these materials.
• The laser intensity decays exponentially and the absorption coefficient was calculated for the two YSZ materials considered.
• Ray-trace computer modelling for EBPVD-and APS-YSZ coatings revealed that the reduced dispersion in EBPVD-YSZ is a result of the columnar microstructure. Hence the columns act as waveguides which limit dispersion of the incident laser beam.
• The sampling depth of the Raman spectroscopy in APS-YSZ was measured (∼40 µm) and compared with an alternative approach reported in literature. Since the results are material dependent, extra care should be taken when making these measurements.
• It is important to take into account the dispersion of the incident laser beam when mapping stresses, particularly for the underlying TGO in TBC systems.
